Compared to other parameters in product design, visually relevant shape parameters strongly determine the success of a product in the market. Since designers are responsible for the visual appearance of the product, they tend to be critical in their decisions concerning the type and the values of the shape parameters. However, it is not fully understood how the relevant parameters types can be determined and what the effect of their variation is. In two experiments, shape parameters were manipulated and customers indicated their preferred setting using different experimental paradigms. These preference scores may be considered to represent the judgement of aesthetic quality by potential customers. The results clearly show that preference as function of shape parameters can be determined. A method for shape deformation, and suggestions concerning possible improvements and applications are reported.
INTRODUCTION
Design can to some degree be regarded as a multi-objective task or even as an optimization process over some parameter domain. Irrespective whether or not this interpretation is justified, the variation of and adjustment of parameters take place in certain situations in a design process. It is well known that design tasks can be very different, ranging from sketchy concept creation to purely parametric design. For the latter task, design tools based on parameter variation seem to be the least suitable. Two categories of parametric design activity can be discerned, 1) in which the design model is fully defined by a number of variables each of which is controllable by the designer; 2) in which the design model is not, or only partially specified in terms of variables. In conceptual product design, category (1) represents an exceptional case. Partial parameterization, i.e. category (2), is much more common. Skeletons or planar sections of a product can be created and manipulated using parameters and constraints, whereas more detailed geometric information, such as the freeform shape of the product's surface, are typically constructed without parameters. The use of parameters has the obvious advantage that design modifications can be easily obtained and alternative geometries can be quickly generated. However, some aspects of a product's shape can be described informally only, i.e. not in terms of quantitative parameters.
Examples of these aspects are slenderness, sharpness, complexity etcetera. A limited set of parameters will not suffice to control these shape aspects directly; this is especially true for the shape of freeform objects (Fontana 1999 , Vergeest 2001a . Therefore, it is still a major research challenge to find an effective mapping from freeform shapes to parameterizable structures, such as freeform features (Vergeest 2001b) .
Once a design parameter is in effect, it provides another opportunity besides the direct control of a design model. The parameter can also be associated with facts external to the design model, for example to design requirements, manufacturing costs etc. . In this paper we will focus on one particular type of such association, namely between shape parameters and customer's preference. The motivation behind this study is the expected benefit from knowledge about the relation between customer preference and a controllable variable. This would enable the optimization of a particular variable against a requirement from the market, in an early stage of the product development (Bradley 1998) , (Creusen 1998 ).
In the next section, definitions of shape feature, shape parameter, shape functionals, and related notions are presented. In section 3 we introduce the specific parameters we considered for the analysis. Then, in section 4 the analysis of customer preference involving single and two-parameter variation are presented.
In section 5 conclusions and recommendations for further research are represented.
PARAMETERIZATION OF FREEFORM SHAPES
The domain of shape variation as a function of one or more parameters is defined by the set of all possible shapes reachable during variation, in which each element in the set is associated to a, possibly multi-component, parameter value. The notion of shape context can be introduced to facilitate formal definitions of shape variation and parameters (Vergeest 2001b) . Shape context can be formally defined by its implications to the set of shapes in three-dimensional space 3 . Within a shape context, shapes can be altered using one or many parameters, where the choice of parameters (and hence of the variations) can be kept fully free. However, the most common types of variations fall into the category of deformation, which is implemented as a continuous change, similar to shape morphing. The most classical example of a designer-controlled shape morph is moving a B-spline control point as a way to edit the freeform shape in CAD.
A more sophisticated shape deformation is shown in Figure 1 , where it is depicted how a family of shapes can be defined and controlled by as few as four parameters (van Elsas 1998). An important case of feature variation is shape deformation between two given shapes, similar to morphing (or metamorphosis).
Suppose that we want to define a shape G in terms of an initial shape S i and a final shape S i+2 ,. If γ is a scalar variable taking the role of deformation parameter, shape G is a function of γ. We consider the simple example in which the initial shape, S i , is a polyline defined by 6 points P j ∈ 3 , j=1, ..., 6. Then the segment between P j and P j+1 of S i can be parameterized as S i (u)=(1-u)P j +uP j+1 , for u∈ [0, 1] . Suppose further that the final shape, S i+2 , is also a polyline, defined by the 6 points P'' j , j=1, ..., 6, see Figure 2 .
Figure 2. Initial shape, S i , intermediary shape, S i+1 , final shape, S i+2 , the geometric parameter u and the "morphing" parameter γ.
To obtain a morphing procedure we need a common parameterization for S i and S i+2 .
Further, to describe an intermediary shape, S i+1 , a new parameter γ, γ∈[0,1], needs to be introduced, which acts as the morphing parameter. The intermediary shape is generated by mapping the initial shape to the final one as
It is also possible to write S i+1 (γ, u) as
known as shape metamorphosis. When γ varies from 0 to 1, the shape morphs from S i to S i+2 .
In this paper we will initially study the influence on shape perception due to the variation of a single parameter. The investigation is then extended with an additional parameter. The morphing equation can support these cases if we chose one (or two) of the parameter components for an analysis of a single parameter (or a bivariate analysis).
In a product design process, shape modeling can be regarded as a set of shape creation and of modification actions, aiming at the shape that satisfies the design requirements. Theoretically, the optimal shape S is achieved if the appropriate context, mapping and parameter value is known and implemented 6 . In practice, the shape modeling method available dictates the shape context. In this paper we consider user-controlled shape modeling, in which the search criterion is a subjective shape styling requirement. In our study the search criterion is an empirical shape functional named consumer's preference.
DESCRIPTION OF THE SHAPE VARIABLES STUDIED
In order to study the relation between manipulated shape parameters and customer preference, we have set up an simple case in which only two scalar variables (h and α) have been manipulated. We selected h to represent the height of an aesthetic swelling on the motor hood of an automobile. For h=0 there would be no swelling, otherwise a particular portion of the hood's surface would be offset by a distance h, The mapping G was achieved as follows. The motor hood surface was a separate NURBS surface defined by 15 × 14 control points, with standard knots (open, uniform) and all control point weights set to unity.
The control points near the influence region, i.e., near the portion of the surface that was to be offset,
were defined as a function of h such that the displacement of a control point in the upper direction was proportional to h. The maximum displacement of a control point was h, and control points near the edge of the motor hood never changed. The slope of the transition surface was modified by shifting four of the control points p ij in the x-direction by an amount d. The variation was implemented as follows:
In Figure 3 the indices of the control points p ij have been indicated. For h=0 the p ij ′ would produce a smooth engine hood without protrusion, as in the leftmost picture of Figure 4 .
This was a simple way to keep the entire surface smooth at any value of h and d (and hence α). We note that a more general method for displacement features has been developed previously (van Elsas 1998).
ASSESSMENT OF CUSTOMER PREFERENCE

Assumptions
There are at least two benefits once shape parameters are in place. First, they offer an intuitive shape manipulation tool. Second, the parameters can be interpreted as variables on which perceived product attributes depend. In this paper we focus on the perceived aesthetic quality as a function of the parameters h and α. In this specific case, the motor hood appearance of a car was changed by manipulating the two parameters. The resulting motor hoods were then rated by individuals on their aesthetic appeal using different experimental paradigms. We emphasize that the ratings obtained are for the very specific case presented here, namely the displacement in the motor hood of a particular type of car. It is obvious that a rating could be very different if any attribute of the design model would be modified; even the color of the car could influence the perceived quality. The motivation and the assumption of the experiment can be summarized as follows. Suppose that in an early stage of car styling, a decision should be made about e.g.
the height h of the bump in the motor hood. In addition, suppose that once a decision about h has been made and implemented, subsequent design work irreversibly depends on h; that means the value of h cannot be altered without having to duplicate some earlier effort. For efficiency reasons already, it is therefore important that the right decision about h is made in the early concept stage. Since parameter h influences the outer appearance of the car significantly, it seems worthwhile to consider the customer's opinion. Finally, we assume that considerations other than aesthetics, for example manufacturing limitations and functional constraints of the motor hood, still leave some interval [h min , h max ] in which h can be selected. The aforementioned assumptions concerning h hold for parameter α as well.
Variation of height h
The interval studied was chosen The second question involved the browsing by the subject through all 101 pictures, which were available in order of increasing h. The subject was requested to point at the model of his/her preference.
Question 3 was a direct inquiry of the rating. The subject was asked to pronounce a rating (from 1 to 10) to the models. To each subject, a random selection of 26 pictures was presented one at a time in random order.
More details about the experiment and the data analysis can be found in (Marinissen & Menhere, 2001 ).
The data were obtained by questioning 25 subjects, mostly randomly selected (both male and female) undergraduate students of Industrial Design Engineering of the Delft University of Technology. The subjects were questioned individually.
Lower picture h (mm) →
Upper picture h (mm) 
Pairwise comparison (Question 1)
The results of the pairwise comparison from question 1 are shown in figure 6 . The color in a box represents the average preference of a bump of the height specified on the vertical axis over the height specified at the horizontal axis. For example, the black box at h=20 on the horizontal axis and at h=0 on the vertical axis tells that the average preference was between 5.5 and 7 (see bar at the bottom of the The data were then analyzed using the Bradley-Terry model for paired preference data, see (Agresti, 1996, p. 246 ). This logit model transforms the pair-wise data (the responses to the 55 stimuli) into scale values for each stimulus. Each scale value can then be interpreted on a uni-dimensional scale on which each stimulus has been positioned relative to each other. In order to obtain the preference data for the Bradley-Terry model-which are dichotomous by definition-the rating scale data (7-point scale) were transformed to dichotomous value. The middle rating scale value (i.e., 4) was omitted from the analysis.
The rating scale values are depicted in Figure 7 as a function of h. As can be seen in this figure 
Selection of optimum (Question 2)
The individuals were subsequently asked to point to their favorite model among the 101 pictures. The frequencies obtained over 5 mm intervals are shown in figure 8 . Nineteen out of the 25 people (76%) preferred a bump height between 20 and 35 mm. This finding provides converging evidence for the above described relationship between scale values and the factor h.
Assigned ratings (Question 3)
The ratings given by the subjects are shown in figure 9 . The highest average rating is approximately 6.3, assigned to the pictures showing bump heights at around 30 mm. It was observed that subjects could differ significantly as far as the ratings are concerned. From Figures 8 and 9 it can be observed that subjects-on average-have a preference of some models over other models. For some individuals there is evidence that certain consecutive pictures (when they are ordered to increasing height) receive the highest ratings, although the location of the corresponding height intervals themselves may significantly differ. This indicates that possibly, different groups of subjects have different preferences.
We emphasize that what the data show may be unique to the specific model at hand. We cannot generalize about a "preferred motor hood bump height". We even have not tested the influence by factors such as color, ambient space, viewing angle, etc.
Multivariate analysis
In another experiment, 30 subjects were asked to state which combination of (h, α) they would favor.
They were asked this in two different ways, one in which different heights were predefined and one in which the subject could freely chose among (h, α) combinations. Previously it was found that the preferred height for a given, fixed angle α was h=25 mm. In order to investigate the effect of α on the preference of consumers, we chose 48 out of 64 stimuli in the h-range from 22 through 32 mm. This choice of height range obviously limits the effect that h will have on the consumers' preference and will maximize the effect of α. As control conditions we used 16 stimuli of which 8 had h=8 mm and 8 had h=50 mm. All subjects received the same 8 series of 8 pictures to which the stimuli were randomly assigned.
Height forced
For h=8mm the subjects were shown 8 pictures with slope angles α=2°, 44°, 92°, 104°, 108°, 111°, 114°
and 120°. Out of this group of 8 pictures a subject selected the model with the preferred slope. Then, in the similar way, for each of the remaining heights, h = 22mm, 24mm, 26mm, 28mm 30mm, 32mm and 50mm, pictures were presented, 8 at a time, having the different slope angles α+. For each group of 8 pictures (of constant h), the preferred α was selected. The result thus obtained is shown in figure 10 .
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There appears to be a preference in two areas of the domain, one at large height and small angle, and one at small height and large angle. An explanation of this effect is that at small height the protrusion is only visible at large angles (α > 100°), whereas at h > 28mm, angles larger than 90° would seem too exaggerated. It should be noted that Figure 10 is based on nonlinear (ordinal) scales. Figure 10 . Preferred slope angle α for each given height h. White means no preference, black means high preference.
Free choice
The previous question allowed the subjects to express their slope preference for a given height only.
Therefore, we also asked subjects to freely chose among (h, α) models. 8 sets were formed, each consisting of 8 randomly chosen models. The subjects were shown one set at a time and they were asked to select the most preferred model. The results of this test are shown in figure 11 . It can be observed that heights below 30mm are highly preferred, and within this category larger angles are the most preferred. h (mm) Figure 11 . Preferred (h, α) combinations.
In Table 1 the series are presented with in the upper part of a cell the height/angle (h,α)-configuration and below the number of times a configuration has been chosen. It can be seen in this table that pictures with heights of 30, 32, and 50 mm are overall not preferred. Note that the remaining pictures differ approximately 3mm from the preferred height h=25mm, found in Section 3, although h=8 mm is preferred as well. In addition, the α=120 degrees is often preferred over other angles, followed in preference by the angles of 111 and 114 degrees. It can be seen that if the consumers have to pick pictures from a series that contains pictures in t the preferred height range and if these height ranges are combined with large angles then there is no clear preference by consumers (see series 2 in Table 1 ).
However, if the preferred height is combined with a large angle and the other heights in the series with small angles then consumer's choices are not that differentiated (e.g., series 4 and 6). 
Recommendations and conclusions
Our results demonstrate the effect the factors h and α have on the esthetical judgments people make on car hoods. This has been shown using different experimental paradigms. The preferred h magnitude has a quadratic relation to the preference of people. This preference was strongest for the average h that has been presented to the subjects. This relation is quite common in esthetical research in which people prefer the average over extreme variations. However, we also have to note that we have used a single viewing angle only to produce the stimuli from the geometric model. It has been demonstrated elsewhere that users preference for entire models differ dependent on their angle of view (Palmer, Rosch, & Chase, 1981) . However, these results relate to the entire object; how the judgments for object details change under different points of view is not clear. In future research, we will study the change of factors h and α and their dependence on different viewing angles and other visual factors.
We emphasize that the main purpose of this research was to develop a methodology to correlate subjective notions with numerical, controllable parameters. The particular the correlations shown here are, as already mentioned, for a specific type of shape, and not easy to generalize to other contexts.
Further, the results may depend on the type of subjects. We have not explored such dependencies, which could however be very relevant to shape designers. A web-based poll system is currently in development.
This system will support remote, online questioning of subjects in larger numbers.
The results show the importance of incorporating observer's opinions in the development of CAD systems. We also refer to earlier work (Knoop 1998) , in which attempts were made to correlate discrete user data to shape instances. Further in (Pham 2001) it is shown how shape parameters can be linked to subjective criteria.
More systematic studies are needed into the dependencies of computable shape variables and variables specific to human perception. Investigations in this field are underway in a collaboration of multidisciplinary teams at the Faculty of Industrial Design Engineering in Delft.
